Echocardiography and fluoroscopy are the main techniques for prosthetic heart valve (PHV) evaluation, but because of specific limitations they may not identify the morphological substrate or the extent of PHV pathology. Cardiac computed tomography (CT) and magnetic resonance imaging (MRI) have emerged as new potential imaging modalities for valve prostheses. We present an overview of the possibilities and pitfalls of CT and MRI for PHV assessment based on a systematic literature review of all experimental and patient studies. For this, a comprehensive systematic search was performed in PubMed and Embase on March 24, 2015, containing CT/MRI and PHV synonyms. Our final selection yielded 82 articles on surgical valves. CT allowed adequate assessment of most modern PHVs and complemented echocardiography in detecting the obstruction cause (pannus or thrombus), bioprosthesis calcifications, and endocarditis extent (valve dehiscence and pseudoaneurysms). No clear advantage over echocardiography was found for the detection of vegetations or periprosthetic regurgitation. Whereas MRI metal artifacts may preclude direct prosthesis analysis, MRI provided information on PHV-related flow patterns and velocities. MRI demonstrated abnormal asymmetrical flow patterns in PHV obstruction and allowed prosthetic regurgitation assessment. Hence, CT shows great clinical relevance as a complementary imaging tool for the diagnostic work-up of patients with suspected PHV obstruction and endocarditis. MRI shows potential for functional PHV assessment although more studies are required to provide diagnostic reference values to allow discrimination of normal from pathological conditions. (Circ Cardiovasc Imaging. 2015;8:e003703.
T he number of patients requiring heart valve replacement is increasing rapidly as the population is aging. 1 Monitoring and follow-up of patients with prosthetic heart valves (PHVs) is important because of the numerous and potentially lifethreatening complications, such as infective endocarditis, thrombosis, pannus, (peri)prosthetic regurgitation, patientprosthesis mismatch, and structural failure. The reported incidence of these complications varies from 0.5% to 6% per year 2, 3 and depends on prosthesis type, position, and the modalities used for patient monitoring that may impact the diagnostic accuracy. Current imaging modalities include fluoroscopy, which is limited to the assessment of mechanical PHV leaflet motion, and echocardiography. 4 Echocardiography is the mainstay for evaluation of PHV function providing both functional (Doppler) and anatomic information. However, echocardiography may not identify the morphological cause of PHV dysfunction or provide information on its extent because of acoustic shadowing, complex anatomy, and limited viewing windows. [4] [5] [6] Computed tomography (CT) and magnetic resonance imaging (MRI) have established their role in cardiac imaging. Several, yet diverse studies have advocated MRI and more prominently CT as new imaging techniques for PHV assessment to complement echocardiography. [7] [8] [9] [10] [11] [12] [13] [14] [15] This review provides a complete, systematic evidence-based literature overview on CT and MRI of PHVs to determine their usefulness as additional imaging modalities for PHV evaluation with an emphasis on imaging feasibility, diagnostic potential, and added value in relation to established techniques.
Literature Review
The search and article were prepared according to the PRISMA statement for reporting systematic reviews and meta-analyses. 16 A comprehensive systematic literature search was performed in Multimodality PHV Assessment PubMed and Embase databases on March 24, 2015 , to acquire all studies describing CT/MRI of PHVs, using the algorithm presented in Supplement I in the Data Supplement. In Embase, conference abstracts and articles, letters, notes, and editorials were excluded from the search. No language or other restrictions were imposed. After manual removal of duplicates, articles were selected by screening titles and abstracts based on predefined criteria (Figure 1) . The titles and abstracts of selected articles were screened independently by 2 reviewers. Consensus was reached for discordant judgments. Full texts of selected articles were screened, and references of relevant articles and reviews were checked. Articles dealing with homografts or autografts only, experimental CT/MRI systems, simulation studies based on CT/MRI data, duplicate publications and studies without available full text were excluded. Reference and citation check yielded 5 additional articles [17] [18] [19] [20] [21] because PHV or CT was not mentioned in title/abstract as defined in the syntax. The selection yielded 136 unique articles including 36 CT and 47 MRI studies on surgical valves and 54 studies on transcatheter prostheses (Figure 1 ). On the basis of these results, we included only articles on surgical valves for this review. The study characteristics of the included CT and MRI articles are presented in Supplements II and III in the Data Supplement, respectively. Study results were compared with current imaging standards as retrieved from PHV guidelines. Table 1 provides a summarized overview on the current cardiology guidelines for PHV evaluation (American Heart Association/ American College of Cardiology, 22 European Society of Cardiology, 23 Zoghbi et al 4 ) . Transthoracic (TTE) and transesophageal (TEE) echocardiography are the key modalities for both baseline and dysfunction diagnostic work-up. Whereas TTE is readily available and noninvasive, TEE often provides better image quality because of its higher spatial resolution and thus it allows improved detection of PHV-related pathology. The main advantage of echocardiography is that it can provide functional information and baseline postoperative TTE is always available as reference for follow-up purposes. In contrast, detailed anatomic evaluation remains problematic because of acoustic shadowing and PHV metal reverberations. Moreover, operator experience is crucial for proper echocardiographic PHV assessment. The incremental value of fluoroscopy is limited to the assessment of mechanical valve leaflet excursions. As yet, CT is only mentioned briefly in the guidelines as a potential additional imaging tool, whereas MRI is not mentioned at all.
Current Guidelines

Prosthetic Valves
Numerous surgical PHV types are available and may be separated into 2 main groups: biological and mechanical valves. Mechanical valves include monoleaflet (tilting disk) and bileaflet valves. Biological valves include porcine and pericardial bovine valves (xenografts), which can be stentless, or contain a metal ring or metal struts. Homografts and autografts are human tissue valves and will not be discussed in this review. Mechanical valves require lifelong anticoagulation therapy, whereas biological valves have limited durability because of structural deterioration. The choice of prosthesis type depends on the patients' age, comorbidity, and specific contraindications. 23 
Computed Tomography Acquisition
Most studies used retrospective ECG-gated acquisition protocols, which in general are favored over prospective ECG-triggering because they allow cardiac phase reconstructions at 5% to 10% intervals and offer dynamic information on leaflet movement. The radiation dose, however, is relatively high (range [mean], 4±0.5-18.8±3.8 mSv 24, 25 ). For aortic valves, systolic 20% to 40% and diastolic 70% to 90% reconstructions usually yield the best images. 25, 26 Adjusted double oblique planes provide short-axis views in plane with the prosthesis ring and 2 views parallel and perpendicular to the prosthetic leaflets. 27 Short-acting β-blockers have been administered to reduce patients' heart rate and improve image quality although no article reported on potential complications. 11, 12, 25, [28] [29] [30] 
Image quality was assessed using similar 4-to 5-point scales 35, 36, 38, 40, 41 or by volumetric artifact quantification. 26 The remaining studies reported the artifact extent and whether prosthetic heart valve (region) evaluation was possible. Image quality is summarized in this table as nondiagnostic, fair, good, and excellent and artifacts as: none, minor, moderate, and severe. B indicates biological; BM, bileaflet mechanical; CB, caged-ball; MM, monoleaflet mechanical; and ND, nondiagnostic.
*Medtronic Freestyle, St. Jude Toronto, and Sorin Freedom Solo. †Valve types have been discontinued. Multimodality PHV Assessment
Image Quality
Depending on the type of components, PHVs can cause hyperdense (blooming and bright streak) or hypodense (beam-hardening and dark streak) artifacts that may affect image quality ( Figure 2 ). In vitro, artifact reduction was achieved with prospective ECG-triggering when compared with retrospective ECG-gating 31 and with increased tube voltage (140 versus 100-120 kV). 32 Iterative reconstruction techniques allowed 50% to 75% dose reduction 33 and improved objective image quality. 34 Preprocessing filters improved bioprosthetic image quality, and semiautomatic segmentation methods allowed degenerated valve tissue discrimination. 30 In total, 10 patient studies evaluated 307 mechanical 11, 12, 24, 28, [35] [36] [37] [38] and 151 biological PHVs. 25, 28, 35, 37, 39 For most mechanical valves, image quality was excellent for leaflets and good to excellent for periprosthetic regions ( Table 2 ). Artifacts were least in closed valve position and increased with rapid leaflet motion. 26 Sorin and Björk-Shiley monoleaflet valves consistently displayed severe artifacts related to their cobalt-chrome components, precluding assessment in 14 of 15 and 4 of 7 patients, respectively. 12, [35] [36] [37] [38] Compared with fluoroscopy, nonenhanced CT showed greater leaflet visibility in 40 unspecified bileaflet valve patients. 24 Results for biological prostheses were less consistent. One study found sufficient image quality for evaluation of 47 of 50 unspecified biological valves. 39 Other studies showed leaflet and periprosthetic image quality to differ strongly between valve types ( Table 2) .
Magnetic Resonance Imaging Acquisition
Depending on the clinical context and imaging purpose, different MRI sequences are required including T 1 -weighed spin echo and gradient echo sequences, comprising steady-state free-precession and fast gradient echo. Steady-state free-precession is the workhorse sequence for cardiac MRI and provides high blood-tissue contrast allowing biological valve delineation and orifice area assessment. 42 Fast gradient echo is less susceptible to turbulent flow and was used for flow-related artifact reduction. 9, 43 Spin echo sequences showed less PHV-related artifacts. [44] [45] [46] [47] For flow and velocity measurements, phase-contrast sequences can be used, [48] [49] [50] and motion-sensitized acquisitions are being developed to allow turbulent flow assessment. 51 Recently, 4-dimensional (4D) flow MRI was introduced, which may provide quantification and comprehensive characterization of flow patterns and offer insights in hemodynamics after valve replacement. 52
Image Quality
MRI valve-related artifacts appear as localized signal voids ranging from mild to severe, depending on the amount and type of metal ( Figure 3 ; Table 3 ). 44, 45, 53, 54 Bileaflet and titanium-containing PHVs caused fewer artifacts than monoleaflet valves or cobalt-chromium alloys. 45, 55 PHV artifacts were evaluated in 124 patients with 115 biological and only 10 mechanical valves. 9, 43, 54, 56, 57 Signal voids precluded assessment of the mechanical prosthesis itself including the valve leaflets. Biological valves containing a simple ring showed no disturbing artifacts, unlike valves with metal struts. 57 Of 83 patients with various biological valves, 62 showed excellent image quality, 16 moderate, and 5 non-diagnostic because of flow-related artifacts, stent material, arrhythmias, or patient movement. 9, 43 One study improved PHV visualization by integrating resonant conduits in experimental setting. 58 agents for contrast-enhanced CT may cause adverse reactions including contrast-induced nephropathy. Patients with known contrast medium allergy or impaired renal function may, therefore, not be eligible for contrast-enhanced CT imaging. MRI may entail severe complications related to the presence of metal devices. Pacemakers and implantable cardioverter defibrillators, in general, are an absolute contraindication. MRI safety has extensively been studied at 0.35 to 4.7T in 105 mechanical and 59 biological PHVs. 19, [44] [45] [46] [53] [54] [55] [59] [60] [61] [62] The MRI force exerted on studied PHVs until 4.7T was less than gravity, or the beating heart 45,59,60 and temperature changes (max. +0.7°C) were considered safe as well. 19, [44] [45] [46] [53] [54] [55] None of included studies reported incidents related to MRI exposure in patients with PHV. Three 0.5 to 1.5T MRI studies including 115 patients specifically observed no rhythm disturbances, clinical symptoms, discomfort, or safety problems. 47, 54, 63 
Relevant Risks of CT and MRI
Anatomy and Function
Additional CT imaging can be helpful in the assessment of the periprosthetic anatomy, structural prosthetic integrity, and pathology. 11, 18, 64 CT has been used to estimate the PHV size and function by evaluating diameters, orifice areas, and leaflet motion and to measure anatomic dimensions such as the left ventricular outflow tract, sinotubular junction, and coronary ostium heights in biological valves as preassessment for transcatheter valve-in-valve implantation. 57 MRI provided cardiac dimensions including the aortic diameter after mechanical PHV implantation, 13 pulmonary conduit diameter, 65 and ventricular function 66 and allowed assessment of aortic root distensibility and annulus area throughout the cardiac cycle in bioprostheses in animals (n=19) 67 and stentless valves in patients (n=10). 68 MRI and CT showed good agreement for geometric area, aortic root, left ventricular outflow tract, and annulus diameter measurements in patients with bioprostheses (max. mean difference, 1.4±2.3 mm). 57 Furthermore, MRI phantom studies extensively evaluated normal PHV flow patterns, which depended on valve size, design, vessel geometry, and distance of downstream measurements. 21, 42, 48, 49, 51, [69] [70] [71] [72] [73] In animals, flow patterns were also affected by prosthesis type 74 and orientation. 75 In patients, mechanical valves demonstrated more skewed and complex flow patterns. 13, 48, 52, 70, 76 Stented and smaller PHVs showed greater velocities than stentless and larger valves. 42, 69, 77 Velocity measurements were performed ≥1.0 valve diameter downstream for flow and motion artifacts 13, 15, 48, 76 although mitral prostheses showed no significant flow artifacts. 43 Valve-related signal loss hampered Starr-Edwards flow assessment at <40 mm downstream. 21 Only 2 studies performed measurements at 0.25 diameter downstream. 70, 71 Laser Doppler anemometry and MRI showed good agreement (<15% difference) for vessel center velocity measurements. 70, 71, 73 Furthermore, in vitro MRI phase-contrast measurements showed excellent correlation with the flow transducer (reference test). 72 Phase-contrast MRI (Figure 4 ) was used in 1 study in addition to TTE as standard work-up after valve surgery. 78 A single study visualized flow profiles in time with 4D flow and successfully assessed jet eccentricity and hemodynamic vortex formation from the sinotubular junction onward. 52
Pathology Structural Deterioration
In aortic valves, the effective valve orifice area (EOA) estimated with TTE is used as a measure for stenosis evaluation. CT planimetric geometric orifice area (GOA) and TTE functional EOA measurements are distinct noninterchangeable entities. 79 Nevertheless, several studies compared them. 25, 39, 80 For biological valves, the leaflet GOA was measured in maximal systolic phase in 100 patients 25, 39 and correlated well with the EOA. 25 CT detected moderate stenosis using the GOA, 39 but the GOA was consistently higher than the EOA (mean, 0.06 cm2). 25, 39 Aortic biological valve degeneration was evaluated in 5 CT studies. 25, 39, [81] [82] [83] Despite the variable leaflet image quality, 1 study detected restricted leaflet opening in all 34 patients with severe bioprosthetic dysfunction (EOA <0.65 cm2/m 2 ). 25 CT also detected thickened leaflets ( Figure 5 ) and hypoattenuating masses related to thrombus formation 25 and visualized valve ring or leaflet calcifications. 39, [81] [82] [83] Degenerative valves showed higher CT calcification volumes (181±33 mm 3 ) when compared with nondegenerative (75±37 mm 3 ) valves 82, 83 and were significantly associated with patientprosthesis mismatch and higher TTE transprosthetic gradients and regurgitation. 83 CT also allowed evaluation of pulmonary tissue-engineered 84, 85 and stentless 86 valve morphology. For MRI, the measured aortic biological GOA ( Figure 6 ) was within the EOA SDs, 42 despite the fundamental differences discussed, and showed strong agreement between MRI and TTE (mean difference, 0.02±0.24 cm 2 ) and MRI and TEE (mean difference, 0.05±0.15 cm 2 ) in 65 patients. 9 For mitral GOA, MRI overestimated the echocardiographic EOA in all PHV types, 72 and a mean difference of 0.06±0.11 cm 2 was reported. 43 Despite atrial fibrillation, mitral measurements could be obtained successfully. 43 MRI detected stenosis in 12 of 17 patients with tissueengineered pulmonary valves by showing high peak velocities (3.5-4.0 m/s) and mild to severe insufficiency (10%-40%). 50 In addition, MRI allowed cusp motion evaluation in tissueengineered and biological left-and right-sided PHVs in sheep 65 and man 43, 66, 87 and detected leaflet restriction. 43, 65 Moreover, significant wall thickening and PHV-conduit enhancement were visualized in all stenosis patients, which correlated histologically with severe inflammation and fibrosis.
Regurgitation
Important for patient follow-up is evaluation of regurgitation ( Figure 7A and 7B) . When compared with TTE, CT performance for detecting aortic biological valve regurgitation was poor. 39 Periprosthetic regurgitation (nonendocarditis) in mechanical valves was detected by CT and echocardiography in 10 cases. 11, 12, 28 Selected CT protocols did allow discrimination of periprosthetic contrast-enhanced blood from surgical Teflon pledgets. 88 The performance of MRI, compared with TEE, was systematically assessed by 1 group in 47 unique patients with 48 mechanical and 7 biological valves. 47, 89 Physiological regurgitation was found in 17 of 55 PHVs, and both modalities detected regurgitation missed by the other technique in 4 (MRI) and 5 (TEE) patients. 89 Pathological regurgitation introduced more signal loss or turbulence and showed greater insufficiency jets. 47, 56, 89 MRI distinguished periprosthetic from transprosthetic regurgitation in all, but disagreed with TEE in 4 aortic valves. 89 TEE was unable to detect the origin of regurgitation in 2 PHVs. Surgical confirmation showed that MRI was correct in 11 of 13 and TEE in 12 of 13 patients. MRI regurgitation quantification correlated well with TEE, despite overestimation (4/32) and underestimation (3/32) of TEE classifications. For pulmonary PHVs, MRI was used in 144 patients to assess follow-up regurgitation and regurgitation fractions. 66, [90] [91] [92] MRI distinguished minimal and mild pulmonary valve incompetence better than echocardiography (n=13). 90 In 20 patients, MRI was also used to assess forward flow in biological pulmonary PHVs. 93
Prosthetic Valve Endocarditis
Endocarditis detection was systematically evaluated in 3 CT studies including 61 patients with 31 mechanical and 30 biological PHVs. 17, 18, 94 Two studies found no advantage over TEE for vegetation detection, irrespective of valve type. 17, 18 In a third study, CT detected vegetations missed by echocardiography in 2 biological and 1 mechanical PHV. 94 CT was better in depicting mycotic aneurysms and abscesses when compared with TTE/ TEE (11 versus 4, not detected by the other modality). 17, 94 Moreover, CT provided surgically relevant additional information on aneurysm extension, 18, 94 changed the treatment to surgery (n=1) and resulted in an alternative surgical strategy (n=6). 94 Figure 7D to 7F shows an example of CT in endocarditis. Altogether, diagnosis in patients suspected of PHV endocarditis was most accurate when CT and TEE were combined. 17,94 MRI performance was not studied in patients with suspected PHV endocarditis.
Thrombosis and Pannus Formation
One of the main findings in suspected PHV obstruction is restricted leaflet motion. CT was highly accurate in measuring mechanical leaflet angles in normal and restricted valves and showed a maximal in vitro difference between CT and fluoroscopy of 2°. 95 A good correlation between CT and fluoroscopy leaflet angles was also found in 3 patient studies (n=101), 10, 24, 36 and bileaflet valve angles corresponded to the manufacturers' data. 36, 96 For monoleaflet valves, CT did not allow angle measurements in 6 of 7 Björk-Shileys 36, 38 and slightly underestimated Medtronic Hall opening angles (67° versus 75° by manufacturer). 10 Fluoroscopy did not allow angle measurements in 8 of 115 patients (because of high heart rate or difficult beam positioning) and was incorrect in 5 of 115 cases. 10, 11, 24 Suspected mechanical PHV obstruction was systematically evaluated using CT in 70 patients. 11, 12, 64, 97, 98 CT detected the morphological substrate of obstruction in 21 of 25 selected 18. 11,12,64 Of those, 16 patients showed a subprosthetic mass from the interventricular septum to the pivot guard defined as pannus (n=12), pannus and thrombus (n=3), or a calcified rim (n=1), and 2 patients showed left ventricular outflow tract obstruction by a mitral PHV. In 1 patient with an increased transprosthetic gradient, CT showed a tilted PHV position. 11 An example is presented in Figure 8 . Another group evaluated patients with obstructed aortic valves (based on TTE/fluoroscopy) and detected pannus using CT in 19 of 23 patients and 7 of 29 controls 97, 98 and thrombus in 3 of 7 selected patients. 98 Pannus and thrombus were confirmed in all reoperated cases (n=6 and n=2, respectively). 97, 98 In contrast, echocardiography only detected an obstructive mass in 2 of 13 patients with CT masses. 98 It is, however, unclear whether CT allows discrimination of pannus and thrombus based on attenuation values. Pannus had a significantly higher mean CT attenuation than the interventricular septum in 1 study 64 (170 and 108 HU, respectively) but equal attenuation in another. 97 A mean attenuation values for pannus of 153 HU (n=9) and of 60 and 99 HU for thrombus (n=2) were also reported. 98 Moreover, no attenuation difference was found between pure pannus (n=3) and pannus with thrombus (n=2). 11 CT could support patient-prosthesis mismatch diagnosis in 10 patients with mechanical valves by showing a normal PHV function and small GOA, in combination with a small EOA (TTE). 80 The correlation between mechanical GOA and EOA in 41 patients was moderate, and mean GOA was 1.4 cm 2 higher. 80 Overall, CT measurements of the prosthetic diameter (internal and external) 10,24,96 and GOA 10,96 correlated well with the manufacturer specifications and between readers in mechanical valves. The correlation for both diameter and GOA was better with sinus rhythm and for aortic when compared with mitral valves. 10, 96 Motion artifacts precluded CT measurements in 6 PHVs. 10 MRI was able to distinguish restricted from normal PHVs in vitro by central/lateral velocity jet ratios at low and high flow rates, whereas transprosthetic gradients were only discriminative at high flow rates. 14 Restricted valves showed higher velocities, merged or far-reaching asymmetrical jets, and reversed flow in the stenosed region. 21, 51, 73 Because of high velocities, flow measurements were less accurate and often only possible at 40 mm downstream. 21 Still, velocity measurements showed good agreement with laser Doppler anemometry for the Björk-Shiley and St Jude valve. 73 No MRI study reported on the evaluation of pannus or thrombus using MRI.
Considerations
Patient selection and study methods differ considerably between most studies, which makes head-to-head comparison of results difficult. For instance, MRI studies were published between 1985 and 2015 using different field strengths (0.2-3.0T) and acquisition sequences. MRI acquisition has changed and improved significantly over the years, and many PHVs studied in the early years have been discontinued. Hence, their specific image quality is less relevant in the present clinical practice. Furthermore, most study sample sizes are small because of the relatively low incidence of complications in patients with PHVs. Results presented thus show clinical relevance for specific PHVs, patients, or complications. Also, several studies excluded patients with impaired left ventricular function, arrhythmias, impaired renal function, clinically unstable patients, or patients in whom echocardiography was not possible. On the basis of available results, we have summarized the potentials of CT and MRI for clinical PHV assessment in Table 4 .
Conclusions
The use for newer imaging modalities for the evaluation of PHVs may be given in by the limitations of current techniques.
For example, echocardiography may not detect abnormalities because of acoustic shadowing caused by prosthetic components and limited viewing planes. CT and MRI may provide incremental information in selected patients by uncoupling image analysis and acquisition and providing a complete anatomic overview. CT can identify morphological correlates of obstruction such as (peri)prosthetic masses, restricted leaflet motion, left ventricular outflow tract obstruction, and thickening and calcification of leaflets, which could be of importance for valve-in-valve procedures. Although no clear advantage over echocardiography was found for the detection of vegetations and periprosthetic regurgitation in general, CT showed incremental value for the assessment of endocarditis extension (pseudoaneurysms and valve dehiscence). Hence, the most important clinical indications in which CT provides additional information to echocardiography are suspected PHV obstruction in mechanical valves, as well as endocarditis in biological and mechanical valves. Limitations for CT evaluation are excessive metal artifacts caused by older mechanical cobaltchromium PHVs and limited visibility of normal biological leaflets. In addition, arrhythmias and high heart rates may impair image quality or induce artifacts. Experimental studies demonstrated promising results for artifact and radiation dose reduction although no clinical studies have been performed to assess these results in patients.
MRI has shown to be safe and overall PHV-related artifacts remained localized, but mechanical details of the PHV could not be assessed. MRI allowed annular and orifice area measurements in biological valves with good agreement to echocardiography and assessment of flow and velocity patterns in biological and mechanical valves. MRI may potentially demonstrate abnormal asymmetrical flow patterns in PHV obstruction although leaflet angle measurements may not be possible. No studies have been published on the diagnostic performance for detecting PHV abnormalities such as pseudoaneurysms and abscesses. However, MRI was a useful tool for regurgitation assessment, especially in the follow-up of pulmonary valves.
Additional studies in nonselected populations may further specify the usefulness for CT or MRI in the overall PHV population. Contemporary studies are mandatory to optimize acquisition protocols and to present reference values to discriminate normal from pathological conditions for clinical implementation.
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